Causal relevance of the cortical area V5/MT for motion (aftereffect) perception has been shown when rTMS pulses have been applied onto this area, leading to disruption of the percept. Typically, the inducing and test stimuli have consisted in a spatially contiguous area from where stimulation is presented. Observers have had no need to divide attention between spatially remote areas including motion-related signals with different vectors. Here we present experimental results showing that an adverse effect of rTMS on motion aftereffect can be obtained when contralateral V5/MT is stimulated and subjects have to report which one of the two simultaneous aftereffect percepts separated into two hemifields decays before the other. The effect appears stronger following right hemisphere V5/MT stimulation and is clearly evident even with weak rTMS pulses.
Introduction
Correlation of the activity of cortical area V5/MT with motion aftereffect perception is firmly established (Huk, Ress, & Heeger, 2001; Mather et al., 2008; McGraw, Walsh, & Barrett, 2004; Tikhonov et al., 2007; Tootell et al., 1995) . Recently, causal relevance of this area for motion perception in general and motion aftereffect (MAE) in particular has been shown by using transcranial magnetic stimulation (TMS). Single-pulse TMS applied closely before or soon after moving stimuli onset impaired motion discrimination (Alford et al., 2007; Sack et al., 2006) . Repetitive TMS (rTMS) to V5/MT can cause decrease in motion discrimination (Ruzzoli, Marzi, & Miniussi, 2010 ), weakening of spatial suppression which improves motion perception of large moving patterns (Tadin et al., 2011) , subjective slowing of motion (McKeefrey et al., 2008) , including with chromatic isoluminant stimuli (McKeefrey, Burton, & Morland, 2010) and following adaptation to both, slow and fast motion (Burton et al., 2009) . Selective adaptation effects on motion direction discrimination can be manipulated by single-pulse TMS to V5/ MT (Cattaneo & Silvanto, 2008) and TMS-induced phosphenes elicited from V5/MT take over the directional motion qualities from an earlier adapting stimulus (Silvanto & Muggleton, 2008) . When further applied in the context of perceiving ''pure phenomenal motion'', as exemplified by the static MAE, rTMS applied to V5/ MT during MAE-experience and during the early post-adaptation storage interval leads to decrease in aftereffect duration (Théoret et al., 2002) . (Similar results have been found also with transcranial direct current stimulation - Antal et al., 2004.) While the V5/MT-targeted TMS effects on static MAE are well documented and robust in showing causal relevance of V5/MT for the phenomenology of motion perception (Théoret et al., 2002) , research along this direction when TMS has been used has left several open ended questions. First, the stimuli used for testing the MAE have consisted in a single area (presented centrally or only on one side of the visual field) including spatially contiguous elements (dots, radial lines). This means that attention to object or spatial area is defined by only one alternative (one object alternative and/or one spatial area alternative). We know that attention is an important factor in determining the expression of MAE (Cavanagh, 1992; Chaudhuri, 1990; Huk, Ress, & Heeger, 2001; Murd & Bachmann, 2011) . Therefore, if TMS effects are studied only in the single object/area condition we do not know whether these effects hold also when attention has to be shared between alternative areas indicative of MAE. Second, if TMS effects on static MAE are tested only with one stimulus including one type of illusory motion we do not know whether the adverse effect of rTMS on the aftereffect would remain present when perceptual report has to be done on a comparative basis against another, alternative test stimulus, especially if the other stimulus mediates the effects having the ''canceling'', opposite motion vector. (For example, MAE in one area directed upward and MAE in the other area directed downward.) We do not know whether the rTMS effect is absolute or relative between the channels tuned to different objects or areas. Third, estimating MAE duration of a single target is not an easy task because there is never a clear stopping point which makes MAE duration estimates highly susceptible to subjects' biases. Comparing two qualities might be easier task for the subject than assessing the ending of one aftereffect and may factor out these biases. Fourth, in the study by Théoret et al. (2002) rTMS was applied unilaterally to the right V5/MT leaving open whether the adverse effect of rTMS on static MAE is unilateral in principle or may be symmetrically contralateral. While most TMS studies of motion perception focus on just one hemisphere, having both ipsilateral and contralateral stimuli in a single study should enhance rigor of the experiment. Fifth, in the above mentioned earlier studies on TMS effects on static MAE intensity of transcranial stimulation was not varied; but as this may be a potentially important variable in predetermining the TMS effects (e.g., Schwarzkopf, Silvanto, and Rees (2011) found that low intensity TMS facilitated the detection of weak motion signals in stochastic resonance experiment, but not the high intensity TMS), it is advisable to use both stronger and weaker TMS pulses to see their effects.
The aim of the present study was to test whether rTMS suppresses MAE also in the conditions where the above-listed considerations -using spatially separate different locations of MAE areas for division of attention, comparison task minimizing possible biases and increasing temporal precision, stimulation of right and left hemisphere, and variation of rTMS intensity -are taken into account and introduced experimentally. An additional rationale of this study stems from the need to verify if the type of stimulation used earlier for showing an adverse effect of spatial selective attention on the duration of MAE (Murd & Bachmann, 2011) could indeed be relevant for showing the possible involvement of V5/MT in the effects of attention on MAE. For this reason also, we tested whether the adverse effect of rTMS over V5/MT on aftereffect experience would hold in the conditions where there are no competing feature-signals from the same or a closely neighboring receptive field, but the spatial areas including explicitly perceived MAE are mutually distant and require comparative attending.
Experiment

Method
Subjects
Eight subjects (five females, three males, age range 19-28) participated in this experiment, six naïve and two aware of the purposes of the study. All subjects were right-handed and had normal or corrected-to-normal vision. Subjects signed informed consent and were paid for participating. The study had approval of the Research Ethics Committee of the University of Tartu.
TMS
The TMS-system (Nexstim Ltd., Helsinki, Finland) with figureof-eight coil was used for monophasic rTMS stimulation. The stimulation consisted of a 2.5 s train of 10 TMS pulses (4 Hz). Intensity of the (left or right) V5/MT stimulation was set to 90% of phosphene threshold (PT) in one condition and to 20% of PT in the other condition. (TMS values corresponding to PTs varied between 55% and 70% of maximal stimulator output across different subjects.) The stimulation was guided by MRI-based NBS (Navigated Brain Stimulation) system (Nexstim Ltd., Helsinki, Finland). MRI images (GE Signa HDx 1,5T, GE Healthcare, United Kingdom; T1 weighted, FOV 24 cm, slice thickness 1 mm, Freq/Phase (matrix) 256/256, Nex 0,75, FA 20, Prep Time 300, Bandwidth 15,63, Plane Oblique, Mode 3D) for each subject were used for online TMS focus navigation. NBS-system's coil localization maximal inaccuracy is typically 1-2 mm, plus a possible inaccuracy of few millimeters on registration; the actual inaccuracy is smaller.
2.1.3. Visual stimulus and procedure 2.1.3.1. Pre-experimental session. For locating cortical area V5/MT in both hemispheres the TMS-induced phosphenes were used. Half of the subjects reported impression of motion, others reported static phosphenes. The phospene threshold was set at the intensity that induced phosphenes in five trials out of ten in both hemispheres (if varying between hemispheres, the two phosphene thresholds were averaged and this average was considered as 100% of PT). The mean position of located stimulation site was 4.72 cm lateral and 3 cm dorsal/above to the inion (which is in accordance with coordinates reported in some previous studies (Battelli, Black, & Wray, 2002; Sack et al., 2006) ). Fig. 1 illustrates TMS targeting by an example from one of the subjects.
2.1.3.2. Experimental session. Stimuli were presented on Eizo FlexScan T550 monitor (refresh rate 85 Hz). In each trial two discshaped areas, equidistant from a small central fixation cross were used for presenting the adapting and test stimuli (Fig. 2) . Within these areas, achromatic sine-wave gratings were presented; in the adapting phase of each trial the grating moved orthogonally to its isoluminance vectors and the movement directions were mutually different. Two possible directions (upward and downward) of movement were used. The diameter size of both areas subtended about 3.5°as estimated from the viewer's point of view; the distance of the center of each area from fixation was about 4°of the visual angle. The space-average luminance of the stimuli was set at 63 cd/m 2 , the stimulus contrast was 14.29%. The gratings had spatial frequency equal to 1.7 cycles/deg and moved with velocity of 6.5 deg/s. Two static test gratings shown after motion adaptation were presented in the same disc-shaped areas where the adapting gratings-in-motion had been presented. Each trial started with a blank grey field (luminance 65 cd/m 2 ), followed by the presentation of two simultaneously displayed discs filled with moving gratings for 40 s; after that the movement stopped and static test gratings were presented in the discs. rTMS was presented at the onset of static test gratings. Subjects were asked to keep their gaze fixated during the whole trial at central fixation and to assess which grating's ('left' vs. 'right') motion after-effect faded first by clicking on one of the gratings. The pre-experimental session (for locating V5/MT) and experimental sessions were held on three different days to avoid too long sessions and variations in fatigue, since the duration of pre-experimental session varied between subjects.
There were four experimental conditions: stimulation of left V5/MT with the intensity of 90% of PT, stimulation of right V5/ MT with the intensity of 90% of PT, stimulation of left V5/MT with the intensity of 20% of PT and stimulation of right V5/MT with the intensity of 20% of PT. The order of conditions was counterbalanced between subjects. Each subject performed 30 trials in each condition, 960 trials in total (over all subjects). was found [F(1, 7) = 5.8, p < 0.047], indicating that the stimulus presented contralaterally to stimulation site tended to fade first (see Fig. 3 ). As seen from Fig. 3 , all pairwise compared levels of ''faded as first'' responses show stronger contra-than ipsilateral effects of rTMS on MAE suppression [F(1, 7) = 6.42, p < 0.04]. When we pooled ipsi-and contra-lateral data, the effect of intensity was significant, with weaker pulses leading to a generally stronger effect [F(1, 7) = 4.48, p < 0.0001]. There is no significant interaction between ipsi-and contra-lateral stimulation and pulse intensity as the effect tendencies have same direction [F(1, 7) = 1.968, p = 0.204]. Fig. 4 shows that contralateral effects are larger. However, the effect is robust only with right hemisphere rTMS and weaker stimulation intensity. Indeed, post hoc Fisher LSD shows that this effect is significant in case of intensity 20% and when right V5/MT is stimulated [F(1, 7) = 1.44, p < 0.045] (t-test, dependent sample t = À2.781, p < 0.027).
Results
Repeated
Discussion
In this study, we have replicated, extended and specified the observations gathered by Théoret et al. (2002) and Antal et al. (2004) on the adverse effect of rTMS and tDCS of V5/MT on the MAE. Thus, causal relevance of V5/MT for phenomenology of motion is additionally supported. The surplus information obtained in this study consists in the following. While the stimuli used in the earlier studies for showing the susceptibility of MAE to V5/ MT/TMS consisted in a single area including spatially contiguous elements of the inducing stimulus and test-stimulus, here the mutually spatially remote, substantially separated areas involving MAE with opposite directed motion were used. Despite this change in stimulation conditions, the subduing effect of rTMS on V5/MT related motion phenomenology was obtained again. When attention was divided between these alternative MAE-including areas and the task was to report which area lost MAE earlier on a comparative basis, contralateral rTMS to V5/MT relatively decreased MAE duration selectively in space. (Importantly, the task based on comparison is less susceptible for bias effects in estimating the timing of stoppage of the MAE and is temporally more precise.) Spatial separation, divided attention, and the task setting for comparison of simultaneously perceived MAEs from contralateral hemifields are not obstacles for the inhibitory effect of rTMS on static MAE. Moreover, the MAE with opposite motion vector located in the mirror symmetric contralateral location does not make an obstacle for obtaining the inhibitory rTMS effect. However, although there was always the tendency for the contralateral inhibition, the effect was robust especially with right hemisphere V5/MT stimulation. While in the study by Théoret et al. (2002) rTMS was applied unilaterally to the right V5/MT we now know that either serendipituously or purposely the stimulation site in their study should have been optimal for the effect and that for robust rTMS effects on MAE left-side V5/MT stimulation may not be the only or best option.
The fact that contralateral stimulus with opposite motion vector does not nullify the adverse TMS effect on spatially localized MAE adds support to the location-specific nature of the opponent mechanisms involved in MAE perception as tested by causally relevant methods such as TMS.
In the studies using TMS to explore V5/MT involvement in motion perception left hemisphere locus has been typically used because of the more robust effects from that site (Antal, Nitsche, & Paulus, 2003; Beckers & Hömberg, 1992; Stewart et al., 1999; Schwarzkopf, Silvanto, & Rees, 2011; Tadin et al., 2011) . Why is it that when MAE is used as the dependent measure instead of real motion perception, the sensitivity to TMS manipulation is at least equally (if not more) expressed with right hemisphere stimulation remains an intriguing open question. The above referred studies show stronger motion-phosphenes (a direct artificial sensation) by left hemisphere TMS, but our results seem to point to stronger right-hemisphere effects. Perhaps our effect is relatively more mediated by higher level mechanisms than are the mechanisms responsible for direct motion sensations. Perceiving real motion and perceiving MAE show some differences also in the studies of the effects of attention on MAE. While selective attention to the inducing motion stimuli increases MAE duration (Cavanagh, 1992; Chaudhuri, 1990) , attention to the illusory MAE decreases MAE duration (Murd & Bachmann, 2011) . Thus it is advisable to carry out experiments where in a single study all potentially involved factors -MAE vs. real motion, attention vs. inattention, right vs. left hemisphere TMS -are manipulated and used in a factorial design. This should help better answer theoretical questions about differences between the causally relevant mechanisms of motion aftereffects and direct motion perception and about the ways attention influences experience of motion depending on how this experience is brought about.
Among our eight subjects and depending on conditions, either all eight or at least 6-7 observers showed clearly stronger effects from the right-side V5/MT stimulation. Recently, the dorsal fronto-parietal system is considered as the basis for top-down attention, with the ventral system thought to mediate bottom-up attentional effects (Corbetta & Shulman, 2002) . The dorsal system is present bilaterally in both hemispheres while the ventral system is dominantly present in the right hemisphere (Corbetta & Shulman, 2002; Fox et al., 2006) . This suggest that, if directly tested and proven in subsequent research, stronger expressed effect from the right hemisphere may be mediated by inhibition through the ventral attentional system. In the light of the previous considerations it must be useful to develop new experiments specifically directed at testing whether the rTMS effect on static MAE is rather an attentional effect than the inhibitory sensory effect on motion analyzers located in V5/MT. This research will more precisely specify the relative roles of different attention mechanisms and motion detectors in motion perception.
In a recent study, Campana et al. (2011) found that rTMS targeted to V1/V2 weakened MAE even more than V5/MT stimulation. Although the effect was obtained for the rapid form of MAE, this suggests that in the follow-up studies aimed at unequivocally specifying the level of origin of the selectively more or less pronounced effects lower level cortical loci should be stimulated as well. While rapid motion adaptation is inherited from V1, comparative analysis of left-and right hemisphere rTMS effects both for V1/V2 and V5/MT could be informative also for the location dependent effects of slow MAE. For example, if right-hemisphere rTMS will be relatively stronger also at the earliest level of stimulation, higher-level explanation for the effect would be less likely. We also wanted to verify if the type of stimulation used earlier for showing an adverse effect of spatial selective attention on the duration of MAE (Murd & Bachmann, 2011) could indeed be relevant for showing the possible involvement of V5/MT in the effects of attention on MAE. For this reason also, we tested whether the adverse effect of rTMS of V5/MT on aftereffect experience would hold in the conditions similar to what was used in Murd and Bachmann (2011) where there are no competing feature-signals from the same or a closely neighboring receptive field, but the spatial areas including explicitly perceived MAE are mutually distant. The results of the present study causally varying the neural state of V5/MT support involvement of this area when the adverse effects of spatial attention on static MAE are studied. Attentional effects on illusory motion should interact with the principal motionsensitive cortical areas; the effects of report bias may not be responsible.
A notable result of the present study is that weaker rTMS leads to the clear effect equal to or even larger than obtained with the stronger rTMS. From the point of view of the practice of research this means that it is possible or even advisable to use weaker rTMS pulses for depressing MAE contralaterally. Again, theoretically this result presents a puzzle. If we assume that rTMS can have also a facilitating effect on cortical excitability and that whether facilitation or interference prevails depends on TMS intensity, we may have seemingly paradoxical effects of intensity. For example, Ruff et al. (2009) showed that if moving stimuli were presented then right-hemisphere parietal TMS caused higher level BOLD activity in V5/MT when less intense pulses were applied compared to the more intense TMS condition. However, it remains unclear how this fact could be related to our result. Furthermore, our design has a weakness in that there is no TMS-free control condition, evaluations are comparative and thus it cannot be reliably verified whether it is contralateral shortening or ipsilateral prolongation of the MAE. (The latter possibility is not likely though, especially in the light of earlier results proving contralateral inhibitione.g., Theorét et al., 2002.) The present research has relevance also for the theoretical interpretation of the effects of TMS. In principle, it is known that in some cases weaker V5/MT-targeted TMS pulses cause better visual near-threshold motion discrimination and more intense TMS leads to worse discrimination (Schwarzkopf, Silvanto, & Rees, 2011) . At first this seems to invite an interpretation of our result about stronger effect obtained by less intense TMS: perhaps the weak activity of the directional motion-sensitive units underlying MAE meets exactly the conditions optimal for stronger effects of the less intense TMS compared to the more intense TMS. In Schwarzkopf, Silvanto, and Rees (2011) this paradoxical effect is explained by the stochastic resonance effect: information transfer is enhanced in a nonlinear manner by the injection of low levels of noise (i.e., caused by weaker TMS) that effectively lower the response threshold of such a system. But our relief seems premature here because instead of augmenting the MAE, weak TMS pulses just cause it fade away soon. We can revitalize this interpretation by an assumption that the stronger the signals underlying MAE perception are in V5/MT, the faster they exhaust their capacity to be effective in long time (e.g., the higher is the firing frequency of the corresponding neurons aided by weak levels of neuronal noise, the sooner they loose potentiation [an up-state] and reach hyperpolarization). In one way or another, the research designs using TMS and MAE combined and showing inconsistent effects of facilitation and inhibition on real motion discrimination and MAE duration could help to improve our understanding of the relative roles of facilitation and inhibition in motion perception.
Conclusions
In the present study we showed that rTMS targeted at V5/MT causes decrease in the relative duration of contralateral static MAE in the conditions where spatial attention is divided between two spatially separated areas located in the mirror symmetric locations in the two hemifields from where the MAEs are projected for comparison. This effect is robust also when right hemisphere V5/MT is stimulated and relatively weak rTMS pulses are used.
